ABSTRACT Concern over emerging infectious diseases (EIDs) and a better understanding of their causes has resulted in increasing recognition of the linkages among human, animal, and ecosystem health. It is now well recognized that human activities can promote the emergence of infectious diseases through the large-scale modification of natural environments and inadvertent vectoring (e.g., international trade and travel). These perturbations can alter the ecological and evolutionary relationships among humans, wildlife, and the pathogens that move between them, resulting in disease emergence. In recent years, the rise in zoonotic EIDs has not only increased our awareness of the need for cross-sectoral collaborations, but has also highlighted the disconnect between current ecological theory and biological reality. As the One Health movement continues to gain steam, further integration of ecological approaches into the One Health framework will be required. We discuss the importance of ecological methods and theory to the study of zoonotic diseases by (i) discussing key ecological concepts and approaches, (ii) reviewing methods of studying wildlife diseases and their potential applications for zoonoses, and (iii) identifying future directions in the One Health movement.
INTRODUCTION
Concern over emerging infectious diseases and a better understanding of their causes have resulted in increasing recognition of the linkages among human, animal, and ecosystem health. Historically, the connection between animal and human health was understood and accepted, with the term "One Medicine" appearing in English texts as long ago as the 19th century (1, 2) . However, during the early 20th century, human and veterinary medicine diverged into discrete fields with reduced overlap. At this time, infectious diseases afflicting humans and animals were rarely considered in the context of broader environmental issues (3) .
The "One Medicine" concept was later revived in the 1960s by Calvin Schwabe, a veterinary epidemiologist and parasitologist (1, 2) . However, this concept did not reflect all of the interactions between human and animal health that extend beyond individual clinical issues. Specifically, it did not include ecological concepts, public health, and the broader societal and environmental scopes that are now considered key to understanding infectious disease emergence (4) .
It is now well recognized that human activities can promote the emergence of infectious diseases through the large-scale modification of natural environments, including habitat fragmentation, deforestation, urbanization, and the subsequent alteration of food webs. These perturbations can alter the ecological and evolutionary relationships among humans, wildlife, and the pathogens that move between them, resulting in disease emergence (4, 5) . For example, the emergence of Nipah virus in Malaysia followed agricultural intensification that caused the direct overlap of mango orchards and commercial pig production. This resulted in cross-species transmission from flying foxes to intensively managed pigs, and subsequently to humans (6) .
Of additional concern is the correlation among marked increase in human influence in previously undisturbed regions, increased global connectivity, and increased occurrence of emerging infectious diseases (4, (7) (8) (9) (10) . A recent study showed that approximately 60% of emerging diseases in humans originate in animals, with more than 70% of these coming specifically from wildlife. In these data, a distinct increase in emergence events through time was also suggested, even after correcting for reporting bias (8) .
Similarly, human activities can result in exposure of both human and wildlife populations to novel human pathogens, so spillover occurs routinely in both directions (11, 12) . A good example of this is infection by several human pathogens in gorillas exposed by the ecotourism industry in central Africa (13) . In recognition of such relationships, the original concept of One Medicine has evolved into a broader vision of One Health-a concept that encompasses the health of humans, animals, and their environment (Fig. 1) .
Considering the potential complexity of these disease emergence events, interdisciplinary collaborations are critical to address health problems at the human-animalenvironment interface (14) . In particular, a suite of transboundary diseases that involve wildlife, domestic animals, and humans (e.g., henipaviruses, filoviruses, severe acute respiratory syndrome, and triple-reassortant H1N1) have led to increasing collaboration among disciplines. In each case, expertise from across the disciplines of ecology, human and veterinary medicine, public health, and the social sciences was required to unravel the complex epidemiology of these diseases and find effective management and surveillance solutions.
Over the last decade, the One Health approach has continued to gain momentum and has now been endorsed or adopted by various influential institutions, including the World Bank, the Food and Agriculture Organization, the Office International des Épizooties (World Organisation for Animal Health), the U.S. Departments of State and Agriculture, and the U.S. Centers for Disease Control and Prevention. In many regions of the world, the One Health approach is being used to improve capability and capacity to understand and respond to infectious disease events (15) (16) (17) (18) (19) . This involves identifying the underlying drivers of disease emergence, targeting high-risk pathways and regions, and strengthening cross-sectoral collaboration in disease prevention, investigation, and response through the sharing of resources and expertise across traditionally isolated sectors (3, 20, 21) .
In recent years, the rise in zoonotic emerging infectious diseases (8) has not only increased our awareness of the need for cross-sectoral collaborations but has also highlighted the disconnect between current ecological theory and biological reality (22) . Theoretical ecologists have worked in this field for many years and found that ecological approaches can explain much about the dynamics of hosts and pathogens within human populations (23, 24) . These approaches are now being applied practically within public health. Ecologists have also helped emphasize the role of environmental change in shaping host-pathogen interactions and infection outcomes. As the One Health movement continues to gain steam, further integration of ecological approaches into the One Health framework will be required.
In this article, we discuss the importance of ecological methods and theory to the study of zoonotic diseases by (i) discussing key ecological concepts and approaches, (ii) reviewing methods of studying wildlife diseases and their potential applications for zoonoses, and (iii) identifying future directions in the One Health movement.
ECOLOGICAL APPROACHES TO STUDYING ZOONOSES
Much of our understanding of wildlife diseases has traditionally come from detailed studies of infection at the individual level (25) . Over the last 2 decades, however, researchers have increasingly applied concepts from population ecology and parasitology in natural host populations to the study of wildlife health and diseases. As a result, parasites and pathogens have been shown to regulate populations and influence population and community dynamics, host genetic diversity, and ecological and evolutionary processes (26) (27) (28) (29) . Host-pathogen interactions also have broad implications for the management of wild and captive species (30, 31) . Due to their ability to cause sudden epidemics capable of rapid population declines, infectious diseases have also received considerable attention from conservation biologists (4, 32, 33) .
One of the key contributions of this increased research interest in wildlife diseases is an appreciation for the role of wildlife in many livestock and human disease systems (14, (34) (35) (36) . At the population level, the rate at which parasites flow from one host to another is influenced primarily by host behavior, distribution, and abundance, typically the research fodder of ecologists and wildlife biologists. Thus, a major challenge to understanding pathogen spillover from wildlife reservoirs to humans and livestock is how to link an ecological understanding of wildlife diseases with our understanding of human biology and ecology. This will involve linking data on individuals, communities, and populations of each type of host.
Host-Pathogen Ecology
Disease ecology is the study of host-pathogen interactions within the context of their environment and evolution (24) . Disease caused by infectious agents can be regarded as an ecological process that involves interactions between hosts and pathogens. The spectrum of effects contributing to pathogen-induced loss of host fitness is termed virulence, and ranges from near benign to obligate mortality. Virulence depends on the properties of the pathogen as well as its host (38) , both of which are often dynamic in time, are shaped by selective processes, and can be independently influenced by extrinsic factors. In this scheme, there is no functional difference between parasites and pathogens, with both causing some loss of fitness to the host, even where parasites are considered benign.
To reflect differences in their population biology, pathogens are often categorized into two broad groups of disease-inducing organisms: microparasites and macroparasites (39) . Microparasites (usually viruses, bacteria, and protozoans) are characterized by their small size (often unicellular), short generation time, high reproductive rate in a host, and tendency to cause acquired immunity in surviving hosts (39, 40) . Macroparasites (normally parasitic helminths and arthropods) are typically larger and have longer generation times in individual hosts or involve intermediate hosts (39, 40) . Microparasites tend to cause epidemics (disease transmission events with rapidly increasing case numbers) in humans (epizootics in animals) and have the potential to cause dramatic changes in host abundance, whereas macroparasites tend to be enzootic (causing relatively stable infections through time) and generally result in more subtle population regulation. Some pathogens, such as Batrachochytrium dendrobatidis, the causal fungal agent of amphibian chytridiomycosis, have characteristics of both micro-and macroparasites (41) , illustrating the blurry distinctions and frequent exceptions to the rules in this field.
Transmission
Transmission of disease between infected and susceptible individuals is a central process driving the dynamics of infectious diseases. Transmission is influenced by two key processes: (i) contact between hosts and infective pathogen stages (whether free living, in an infected host, or vector borne) and (ii) infection occurring upon contact. These factors depend largely on the mode of transmission (42, 43) , and require information on the probability that both contact and transmission are made (25) .
Theory suggests that the scaling of pathogen transmission with population size can determine whether or not a pathogen could drive host extinction. Transmission that increases with host density (linearly or nonlinearly) is termed density-dependent transmission. For example, research has shown a higher infection rate of measles in large cities compared with small villages due to significantly higher contact rates between infected and susceptible individuals in large urban centers (44) . In the context of ecology, this implies that infection rate scales with host population density.
One important feature of density-dependent pathogens is that, at times, there may be a threshold density below which the pathogen cannot be sustained and the host may persist (42, (45) (46) (47) (48) . Such pathogens are more likely to regulate a population if they cause substantial mortality. One of the simplest effects of density in a hostpathogen system dominated by a single host is well typified by the effects of Mycoplasma gallisepticum on the local abundance of the house finch (Carpodacus mexicanus) in its recently invaded range. High-density areas experienced local declines in density, but areas that were newly invaded by the host experienced density increases. All areas ended up with similar densities after the M. gallisepticum epidemic settled into an endemic phase (49) . For many pathogens that have density-dependent transmission, like influenza, high host abundance will increase transmission in a relatively straightforward fashion. However, even in multihost vector-borne disease systems (e.g., Lyme disease), host abundance and community composition have important effects on disease transmission.
In contrast, frequency-dependent pathogens infect the same number of individuals regardless of host density. For example, the transmission of West Nile virus is dependent on mosquitoes actively seeking out hosts to bite. This behavior allows the maintenance of high transmission at low population densities and may limit transmission at high population densities (21, 24, 48) . Considering this, theoretically there is no threshold of susceptible host density. This is because the "force of infection"-the rate at which susceptible hosts become infected-increases with the fraction of the host population that is infectious but does not increase with overall host density. An estimation of the force of infection can be achieved by counting the number of new primary infections arising per unit time (50) . The force of infection can be estimated in laboratory or field studies by examining the rate at which newborn, uninfected sentinel, or treated individuals acquire infections (42, 51) . For frequency-dependent pathogens, the transmission mode may be indirect (e.g., vector borne) or nonrandom (e.g., influenced by social structure or host behavior), and thus transmission rate will be relatively invariant across a wide range of host density (42) .
Contact between hosts and infective pathogen stages can be extremely difficult to measure in wildlife populations. Telemetry data are often used for animals of sufficient size to carry a transmitter to estimate contact rates, though frequently these are limited by time or error associated with radio, satellite, or geographic positioning systems. Compounding this, the majority of pathogens can infect more than one species of host (52), making it difficult to understand interspecies contact and its influence on transmission. Nevertheless, recent studies have attempted to model such multihost pathogens. For example, Craft et al. (2008) developed a modified SIR (susceptible, infectious, recovered) model with matrices to describe the dynamics of canine distemper virus within and between lion (Panthera leo) prides, jackal (Canis spp.) family groups, and spotted hyena (Crocuta crocuta) clans in the Serengeti. They found that differences in social structures between species can affect the size, speed, and spatial pattern of a multihost epidemic. Their results demonstrate that pathogens can expand through interspecies transmission in a geographic area in which they would normally be limited by intraspecific contact rates (53) .
The capacity of a pathogen to transmit in a population is commonly quantified by the basic reproduction number, R0, which can be described mathematically. The basic reproduction number is broadly defined as the number of secondary hosts an infected host will cause, under the assumption that all hosts are equally susceptible and naïve to infection. The concept and utility of R0 is straightforward: if R0 > 1 (a parasite infecting on average more than one additional host), a pathogen can expand and persist in a population, whereas if R0 < 1 (a parasite infecting on average less than one additional host), the number of cases will diminish and a pathogen will eventually become extinct (25, (54) (55) (56) . Calculating R0 is easier for human epidemics than wildlife due to generally high quality of relevant case data. However, because contact tracing is often difficult or impossible for wildlife, resulting in limited-quality, patchy data on epidemics, R0 is typically much more difficult to estimate and has limited use for managing wildlife diseases (57) . In these cases, other techniques may be necessary. Examples of such techniques include capture-markrecapture (CMR) and occupancy modeling, which are discussed further in this review.
Spatial and Temporal Structure
Recent studies have highlighted how disease transmission can also be influenced by spatial and temporal structure, dispersal patterns, and landscape heterogeneity (25, 58) . For example, Koelle et al. (2009) demonstrated how spatially restricted movements result in peaks of influenza infection in humans followed by troughs (59), while similar patterns have been reported with rabies in raccoons (60) . Understanding geographic and temporal variation in disease incidence has been central to improving human health globally for a number of major human diseases as well. A good example is cholera, the first disease for which organized public health surveillance and reporting was implemented. The bacterial pathogen causing cholera, Vibrio cholerae, is now known to be strongly associated with chitinaceous zooplankton (e.g., copepods) and shellfish, and consequently ocean currents and the events that influence them (61) . This has been a key factor in unlocking the mechanisms and patterns underlying past and present cholera epidemics (62) .
Disease transmission is also dependent on whether the pathogen and/or the host exhibit aggregated or random spatial distributions, as well as age-related and temporal distributions (25) . Altizer et al. (2011) described the importance of temporal distribution in their study of migratory escape in monarch butterflies (Danaus plexippus) in eastern North America. They reported that the prevalence of the protozoan parasite Ophryocystis elektroscirrha increased throughout the breeding season. Prevalence was highest among adults with more intense habitat use and longer residency. They also found that butterflies that migrate the greatest distances (up to 2,500 km) have lower prevalence and a less virulent strain of the parasite than monarchs that overwinter in the same location in which they breed (58).
Land Use Change and Zoonoses
Disturbance to host-pathogen systems can have significant ramifications for disease dynamics and the impact on host populations (63) . Disturbances can include the introduction of pathogens into naïve systems (e.g., along roads in newly penetrated areas), disturbance of the host's habitat (e.g., deforestation and land conversion), or bringing together species that normally have little contact (e.g., in wildlife markets), among others. A significant number of zoonoses can be linked to large-scale land use change (5, 64, 65) . Such perturbations to the environment through human-induced changes can increase human contact with wildlife species, directly affect biodiversity, and alter the ecology of hosts harboring novel diseases. This in turn may influence the relationships among human, animal, and environmental components of a disease system. Land use change may also modify vegetation structure and patterns, vector and host species behavior, distribution and abundance, and microclimates. Many of these effects may be subtle or inconspicuous and therefore difficult to elucidate. However, the effects of some of these processes have been well illustrated for several vector-borne zoonoses, including malaria and Lyme disease (5, 66) . In the northeastern United States, a historical cycle of deforestation, reforestation, and habitat fragmentation has altered wildlife predator-prey populations and led to the emergence of Lyme disease (5, 66, 67) . It is now suggested that loss of small-mammal predators may have cascading impacts that facilitate the emergence of zoonotic diseases, many of which rely on hosts that occupy low trophic levels (68) . In tropical regions, land use changes have been linked to Chagas disease (69), yellow fever, and leishmaniasis (70) . Land use changes are particularly intense in many tropical regions where primary forest is rapidly being opened up to mining, logging, plantation development, and oil and gas exploration and extraction (71, 72) .
METHODS OF STUDYING WILDLIFE DISEASES: POTENTIAL APPLICATIONS FOR ZOONOSES
Diseases in wildlife populations are typically less well understood than human or livestock diseases despite an abundance of theoretical predictions and increasing appreciation for the role of wildlife in livestock and human disease systems (4, 34, 35) . The difficulty of detecting epidemics and obtaining quality data from the field has encumbered the development of wildlifespecific disease research (40, 48, 73) . Even during mass mortality events, detection of sick and dying wild animals is hampered by difficulties in observation and removal by scavengers, and detecting the more subtle impact of stable endemic infections is harder still (40) .
Yet it is perhaps because of these challenges that useful and transferable ecological concepts have been developed that may be extended to the study of zoonotic diseases. These concepts could provide key insights into understanding pathogen emergence and dynamics in human populations, and have already yielded a range of analytical and statistical techniques and tools. These are perhaps united by the challenge of collecting wellbalanced and informative data in systems where experimentation is often extremely challenging. Many of the analytical techniques that ecologists employ have been developed to minimize bias and false inference when interpreting sparse and noisy datasets. Typical ecological problems with these characteristics include understanding the behavior and movement of wildlife, estimating abundance and geographic distributions, and probing population dynamics.
Capture-Mark-Recapture (CMR)
Reliable estimates of population prevalence and infection status are essential for disease management but can be significantly biased by imperfect detection (74) . In wildlife disease studies, an important, but often overlooked, problem is the extent to which detectability is dependent on disease state (75) . Disease can change behavior, activity, and other physiological processes, which can lead to significant differences in the probability of sampling infected and uninfected individuals (76) . In cases where infection alters detection probability, our ability to estimate a number of epidemiological parameters becomes confounded (75) .
CMR is a method that has been gaining use for modeling complex disease systems and accounting for imperfect detection (75, 77, 78) . CMR methods can be used to estimate numerous epidemiological parameters of potential interest, including survival and diseaseinduced mortality, disease-mediated detection probabilities, and transitions between disease and other states that might be useful for inferring information about transmission and recovery rates.
Where an infection reduces detection rate (e.g., by reducing activity), disease prevalence could be severely underestimated in a population and this could result in false inferences (21) . For example, Faustino et al. (79) used a multistate mark-recapture model to deal with inaccuracy in disease state estimation and to estimate force of infection, recovery rates, and mortality in the wild. They found that the probability of observing a bird is dependent on its disease state (79) . CMR models can also be applied to assess the broader effects of disease on the demography of a host population.
Occupancy Modeling
Like CMR, occupancy modeling has been used to deal with observation error to facilitate more reliable inferences in population and community ecology. These models have most commonly been applied to estimate what proportion of area, patches, or sample units is occupied (i.e., species present), also accounting for detectability. Occupancy is commonly used as a proxy for abundance; however, in the context of disease models, the estimated "proportion occupied" corresponds with disease prevalence in a host population. Lachish et al. (2012) used site-occupancy modeling to estimate the prevalence of malaria (Plasmodium spp.) in a population of wild blue tits (Cyanistes caeruleus) (74) . They demonstrated that Plasmodium detection rates were strongly influenced by host pathogen load. They highlighted the utility of occupancy modeling for obtaining estimates of population prevalence under imperfect detection and illustrated that in this specific system, accounting for variation in pathogen load resulted in increased diagnostic test sensitivity (74) . A general application of this approach to the study of zoonoses might involve the evaluation of multiple disease states: symptomatic versus asymptomatic. Here, the possible hierarchy of states includes an individual that is asymptomatic because it is infected (occupied), it is not infected (not occupied), or it is infected but not expressing symptoms (occupied, not detected) and therefore not detected. In contrast, a symptomatic individual must be infected (occupied).
Biogeography
Biogeography is the science of documenting and interpreting the spatial and temporal distribution of biological diversity (80, 81) . The spatial distribution of species can be largely explained by evolutionary processes by which new species arise (speciation) or become extinct, or by species dynamics such as colonization (e.g., immigration). Although viruses and bacteria have important roles in ecological communities and in human health, microbial biogeography is in its infancy as a discipline (80, 82) . In this section, we discuss the potential application of biogeographic theory to hostparasite interactions to help understand the factors that contribute to observed patterns, processes, and spatial and temporal dynamics of zoonotic diseases.
MacArthur and Wilson (83) proposed the idea that the number of species inhabiting a given island represents a dynamic equilibrium between immigration and extinction rates (Fig. 2) . Immigration rate (defined as the rate of arrival of propagules of species not present on the island) declines from some maximum value when the island is empty, to zero when the island contains all the species in a source area or pool (e.g., other nearby islands or a continental mainland). In contrast, extinc-tion rate (the rate of loss of insular species) increases from zero when the island is empty, to some maximum value when all the species from the source area inhabit the island and are prone to extinction (Fig. 2) . A stable equilibrium is reached at some species number when both the immigration and extinction rates are equal (S). Theoretically, if the system is somehow perturbed and there is a decline or increase in the species number, this value should always return to the equilibrium point. Kuris et al. (84) proposed the idea that hosts can be viewed as islands for pathogens, in which the number of pathogen species within a given host population or in a given host species can be determined by the rate at which new pathogen species colonize the host (immigration) or by intrahost speciation and the rate at which those pathogens go extinct (85, 86) . Similar to the effect of islands that are close to the source area, pathogen immigration rates may be affected by the spatial interaction of hosts. For example, host species with large distribution ranges can make contact with several other host species, increasing the probability of colonization (i.e., transmission). Likewise, extinction rates may be influenced by the host species' body size. A proposed explanation is that host species with larger body size can have more available niches and can provide more resources compared with host species with smaller body size (86) . Other important factors that could influence both pathogen immigration and extinction rates are host habitat specificity, diet and social behavior, population density, and life span.
Reperant (85) employs an island biogeography approach to predict the potential drivers of emerging zoonotic and vector-borne diseases. In this model, habitat degradation and loss, fragmentation, and all human activities may modify the rates of pathogen immigration and extinction, thereby influencing host dynamics. Reperant argues that such a modified host-pathogen dynamic may explain the increase in the number of novel pathogens in human or animal populations (85) . For example, the behavior of infected humans contributed to the emergence and later expansion of HIV (i.e., increasing immigration rates due to changes in human distribution) (87) . Similarly, Australia's highest biosecurity risk area is in the northern region of the continent, primarily due to its proximity to, and connectivity with, neighboring countries that can act as source populations for new zoonotic and vector-borne diseases (88) . Evidence for such a biogeographic process driving the assemblage of new diseases comes from an analysis showing that the vector-borne human disease assemblage of Australia is most similar to that of Papua New Guinea (when compared with all countries in the Southeast Asian region). This suggests that an informative predictor of what diseases a country will harbor is the disease assemblage of its neighbors, implicating biogeographic theory as a potential means of understanding disease distribution and spread and thereby of practical interest for coordinating management.
CONCLUDING REMARKS
Methods initially developed in the field of ecology are clearly applicable to the study of zoonoses. The majority of new emerging infectious diseases are zoonotic, and approximately 75% of these come specifically from wildlife (8); therefore, significant attention has been focused on the human-animal interface in One Health programs. The application of ecological approaches, such as CMR and occupancy modeling as well as island biogeographic theory, to disease surveillance and monitoring has great potential to inform a wide range of questions about disease effects, prevalence, and dynamics, while accounting for uncertainty induced by observation error.
We emphasize the importance of integrating a stronger ecological component into the One Health framework by discussing several examples of relevant concepts from ecology that could be applied to better understand disease dynamics and risk. Another concept that has emerged from the field of ecology is the need to shift away from random sampling over broad areas toward more systematic study designs. To achieve study objectives, a clear framework for sampling and inference will most likely result in the development of moreefficient sampling designs. Further, well-designed, systematic approaches are often more cost-efficient and provide a clearer understanding than a combination of several uncoordinated, opportunistic sampling protocols (78) . Although we do not assert that the adoption of these approaches will result in a complete understanding of pathogen emergence and dynamics in human and animal populations, the continued integration of ecological approaches into One Health strategies has the potential to bring a suite of new tools into public health that have proven capable of explaining complex systems in the ecological field. This will be particularly critical over the next few decades, as we deal with increasing change in the environment, our social systems, and the dynamics of new and emerging diseases. None of the authors of this manuscript has any commercial affiliations, consultancies, stock or equity interests, or patentlicensing agreements that could be considered to pose a conflict of interest regarding this manuscript.
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